ABSTRACT 1 Steady vortex flows over swept wings develop quasi-periodic velocity fluctuations. The nature of such fluctuations is explored. A 59.3-deg. delta wing is set at 25 deg. incidence in a low-speed wind tunnel. Cross-spectral analysis of velocity fluctuations sensed by two hot-wire sensors is used to track these phenomena to the region of their origin. The evolution and growth of the fluctuations are studied. The power spectral density of the fluctuations is mapped in several regions of interest. Results show the existence of narrow, dominant frequency bands in which the majority of the fluctuation energy is contained. This frequency band narrows and the peak frequency decreases while the peak magnitude increases as the sensors are moved downstream from the apex. The coherence between the signals from the two sensors and the spectral density at the peak frequency are used to determine the trajectory of the flow structures responsible for the fluctuations. Investigations along the leading-edge of the model show that the quasi-periodicity first originates in the first 20 to 30% of the chord. The structures then apear to follow a helical trajectory around the core of the vortex system. Convection speeds of the sturctures responsible for the quasi-periodicity, determined from cross-correlation shifts, are on the order of 50 % of the free stream speed. 
= body coordinate system, origin fixed to model apex α = angle-of-attack Λ = leading-edge sweep of delta wing τ a = time shift to the secondary peak of the autocorrelation τ s = time shift of the cross-correlation INTRODUCTION The motivation of this work stems from the problems of tail-buffeting experienced by swept-winged, twin-tailed aircraft at moderate to high angles-of attack. The best known of these problems is attributed to the bursting of strong vortices. However, there are other cases in which quasi-periodic flow fluctuations appear to drive structural modes.
The objectives of the investigation were: 1. Quantify spectral characteristics near the trailing-edge of the delta wing. 2. Track the path of structures responsible for the quasiperiodic nature of the flow field by starting from the trailing-edge and traversing two hot wires upstream. 3. Determine the origin or region responsible for the generation of the quasi-periodic features in the flow. 4 . Characterize convection speeds of the quasi-periodic structures. 5. Quantify the growth rate of the fluctuations.
PREVIOUS WORK
The flow over a swept-winged configuration at hign incidence provides many curious phenomena. Such flows are extremely easy to generate in small-scale experiments, and have provided surprisingly good representations of phenomena encountered by full-scale flight vehicles, despite huge differences in Reynolds number. As such, there is a vast body of literature on vortex flows. However, much remains unknown about the development of fluctuations in a steeady vortex flow, except for the intensive research conducted in many organizations on the phenomenon of vortex core bursting.
Previous research [1] [2] [3] demonstrated that quasiperiodic fluctuations develop in vortex flows over swept winged aircraft configurations at moderate angles of attack. These fluctuations amplify and focus their energy into a narrow frequency band as they move downstream. The Strouhal number based on the peak frequency is generally constant over a wide range of freestream velocities. and Reynolds number. Every swept-winged configuration tested to date, including generic wing-bodies and isolated delta wings, exhibits this phenomenon, regardless of the presence of the vortex bursting phenomenon which is seen on some fighter configurations. Komerath et al. 2 hypothesize that structural response, such as tail buffeting on the F-15 aircraft, occurs when the dominant frequency of the flow fluctuation coincides with the structural modes. The origin of these fluctuations is the issue in this paper. While previous work focused on wing-body configurations, this is the first systematic investigation of such fluctuations over an isolated delta wing.
EXPERIMENTAL METHOD

Facility and Test Model
For the experiments reported here, a simple flatplate delta wing with beveled edges was used. All tests on the delta wing were conducted in the Low Turbulence Wind 
Instrumentation and Analysis
A pair of hot wire probes was traversed thoughout the flow field to quantify and analyze features responsible for the quasi-periodicity. Fig. 2 shows a schematic of the instrumentation. From each hot wire signal, one channel acquired the full hot wire signal and the other channel measured a bandpass filtered and amplified signal. The high and low pass filter settings were 0.1 Hz and 500 Hz, respectively, and the amplification ranged between 5 and 200. The filtered signals were continually monitored on an oscilloscope to assist in determining the appropriate amplification for optimum precision using the 16-bit, multichannel sample-and-hold analog-digital converter.
Signals were digitized in sample blocks of 512 data points. Each digitized block of data was then converted to velocity using the full nonlinear calibration of the sensor, using the corresponding value of the unfiltered signal to provide the instantaneous voltage. At each measuring point, 50 to 200 sample blocks were recorded to calculate a stable ensemble averaged auto-spectrum for each signal. Nyquist frequency settings ranged from 512 Hz to 2048 Hz, with the high setting employed as the sensors moved upstream. This was done to capture a stable peak as the bandwidth of the phenomenon increased. Eqn. 1 relates the frequency resolution, the Nyquist frequency and the sample block size:
Spectral analysis of the hot wire signals is used to measure the distribution of the energy contained in the velocity fluctuations as a function of frequency. This is performed by computing the auto-spectrum, or the distrubution of energy, of the velocity fluctuation signal over a discrete frequency range using a standard Fast Fourier Transform (FFT). The auto-spectrum yields insight to the existence of such features as discrete-frequency fluctuations or broad-band turbulence. When two fluctuating signals are analyzed, the spectral analysis technique can be extended to measure relationships between them by calculating the cross-spectrum, cross-correlation, and coherence. While cross-spectrum is a measure of energy contained and relative phase between occurences of those fluctuations which are common to both sensors, the cross-corrletation yields how well the two signals are corrleated over time. However, of particular interest is the coherence fucntion. Coherence is a measure of linearity over a dicrete frequency range between the two signals. This function of frequency ranges between 1, which indicates perfect linear relationship at that frequency, to 0, which indicates a lack of any linear relationship. Good coherence, approximately 0.5 or higher, can occur even when a substatial time lag exists between the passage of the same fluctuation over two sensors. Equation 2 shows the calculation of coherence, C 12 (f), between two signals,
Experiments Due to the symmetry of the flow field, which was verified by laser sheet visualization of the vortex systems, all measurements were conducted over the right half of the delta wing. The freestream velocity was 12..2 m/s (40.0 ft/s) and the angle of attack was 25°. The hot wires were aligned perendicular to the freestream direction for all experiments (except in the one leading-edge experiment were the hot wires were aligned parallel to the freestream direction). With this alignment, the wires are sensitive to the streamwise and vertical components of velocity and less sensitive to the lateral component of velocity. Since the focus is on the spectral content of the flow field, no attempt is made to decompose the three-dimensional flow into its individual components. Probe interference was minimized by using long, thin probes to hold the hot wires and by staying away from the vortex core. Previous research 2 verified that spectral shapes were minimally affected by probe orientation or probe vibration. The probes were attached to the streamwise and vertical components of the traverse, which were controlled by the computer.
Planar measurement locations in the tunnel coordinate system and perpendicular to the freestream are shown in Fig. 3 . The planes are located at x'/c = 0.42 and x'/c = 0.83. These correspond to the locations previously chosen for detailed planar measurements on the generic wing-body 1 . The probe holders were aligned perpendicular to the model surface. The upstream probe was spaced 12.7 mm (0.50 in) in front of the downstream probe. The measurement grid spacing inside the two planes were 12.7 mm (0.50 in) and 25.4 mm (1.00 in) respectively.
Two additional surveys were conducted along the leading-edge of the delta wing: the first with the probe wires aligned perpendicular to the freestream and the second with the probe wire parallel to the freestream. For both cases, the probe wires were aligned 12.8 mm (0.50 in.) above the model surface, as shown in Fig. 4 . Further measurements were conducted along two rays originating from specified points in the downstream plane, shown previouly in Fig. 3 , and passing through the apex of the wing. The probes were fixed with one 25.4 mm (1.00 in.) upstream of the other. The two starting locations were selected from after the detailed planar measurements based on their high peak auto-spectral magneitudes and the high coherence between the sensors. From the starting locations for the test along the leading-edge as well as along the rays, the tandem probe pair was stepped forward (∆x'/c = 0.13 increments) until no peak was detectable in the auto-spectrum.
A final test was performed to determine a path that the quasi-periodic structures follow. With the downstream probe affixed to the model, the upstream probe was traversed over a grid 50.8 mm by 50.8 mm (2.0 in. by 2.0 in.), with measurements acquired on a 25.4 mm (1.0 in.) tunnel coordinate grid spacing. Upon completion of the traverse, the downstream probe was aligned in the position that corresponded to the maximum peak magnitude of autospectra of the upstream probe while maintaining a high level of coherence. Using this technique, a path of high energy content and high coherence was determined.
RESULTS
Results from the two vertical measurement planes are presented first. Figures 5a-c and 6a-c display the peak frequency, peak auto-spectral magnitude and corresponding coherence values for the upstream and downstream measurement planes respectively. The edge of the delta wing corresponds to 2Y/b = 0.52 and 1.0 for the upstream and downstream planes respectively. For both sets of figures, data are not shown in the blank regions near the vortex core. This is for one of two reasons: in some regions the ratio of the RMS velocity to the mean was too high, so that the hot-wire signal could not be considered reliable, while in other regions, substantial probe interference occurred. Peak frequency results (Fig. 6a) for the downstream plane (x/c = 0.83) are fairly constant, centering around 48 Hz, but in the upstream plane, the peak frequency varies over the planar area as well as increases with respect to the downstream measurements. The frequency band also broadens, as will be seen later. Inspection of the magnitude plots (5b and 6b) shows that the largest gradients in the peak magnitude of the auto-spectrum are along radial lines directed toward the vortex center. In regions near the model center-line, above the vortex core, and just beyond the leading-edge, the peak magnitude drops off significantly. In both Figures 5b and 6b , a cross-sectional interpretation of the vortex is visible, with the fluctuation intensities approximately twice as large in the downstream plane as the upstream plane. These plots show that the fluctuations are certainly associated with the vortex, as expected. Further, the fluctuation intensity at the frequency of the peak is not highest in the core, but in the shear layers wrapping around the core and under it. This is a clear indication that this is not a "vortex burst" phenomenon.
Figures 5c and 6c show that the coherence between the signals from the two sensors is relatively high in regions away from the core area. The coherence values plotted are those corresponding to the peak frequency of the upstream probe. In the upstream plane, coherence values decrease more significantly near the core. This might be explained by the same probe spacing used for both planar regions. Finally, the peak in the coherence is generally broader than that in the auto-spectrum, and ocassionally the frequencies of the two peak values differ by a few frequency resolution steps due to a flattened coherence peak. Over the broader frequency range, the coherence values differ within 2 to 3 %, and this approaches the relative accuracy of the calculation itself. However, the auto-spectrum generally has a sharp peak and a narrower frequency band of interest; therefore, the coherence associated with the peak frequency of the auto-spectrum is used. The coherence is high away from the vortex, where the fluctuation intensity is low. This is primarily because there is little turbulence present in this region.
Figures 7a-f show the decrease in the autospectrum magnitude and the corresponding increase in frequency for the upstream probe of the leading-edge traverse, as it moves up the leading edge. Similar results were obtained from the outboard probe position of the second leading-edge traverse. It is useful to discuss this figure starting from 7f, where there is little fluctuation at any frequency. The highest coherence is 0.14, which is insignificant. In Fig. 7e , a broad-band fluctuation develops, with content ranging from 100 to 400 Hz. A peak is visible, so that the fluctuations were determined to originate here, at X = 116 mm or x'/c = 30 %. At this location the coherence at the peak frequency is relatively high, 0.57. In Fig. 7d , the peak has grown, and focused into the lower frequencies. This has the appearance of a vortical structure growing in size. There are multiple peaks within a narrow band. This behavior is accentuated in Fig. 7c , at x=208mm. The peak grows much more as seen in Fig. 7(b) , but still multiple peaks are visible. By x=300 mm, there is one very sharp and clear peak, with a spectral density which is more than 10 times as hig as that in Fig. 7e , where the fluctuation is first seen. This figure clearly characterizes the quasi-periodic phenomenon. It shows a small broadband fluctuation developing in a steady vortex flow, then rapidly focusing, shifting frequency, and amplifying into a well-defined narrow-band fluctuation. Previously, such phenomena have been observed from measurements made on models of the F-15 aircraft in the context of tail vibrations; here it is seen clearly that the fluctuations originate in the velocity field over a steady, isolated delta wing and is thus independent of the presence of the tails, fuselage, strakes, engine inlets, forebody shedding, or other details.
Studies on the nature of the flow structures
Figures 8a and 8b show the change in the peak auto-spectrum and corresponding coherence with respect to the nondimensionalized location x'/c for the two ray traverses. No results are shown upstream of the location x'/c = 0.45 since no definite peak was detectable in the autospectrum. The higher value in x'/c is reasonable if the quasi-periodic structures travel downstream, especially if they follow the helical streamlines associated with the vortex flow. Also apparent in Figs. 8a and 8b are the characteristic trends of increasing magnitude and coherence further downstream in the flow.
The time-domain autocorrelation function can be used to measure the time scale of passage of the flow structures over a sensor. Fig. 9 shows the variation in peak frequency along the leading edge for the two sensors, and the frequency calculated from the inverse of the time scale in the auto-correlation function. At the upstream end, the autocorrelation is sharply peaked, because of the broad-band nature of the fluctuations. As a result, the time scale of correlation measured from this function is much shorter, giving a higher value of frequency. Further downstream, the autocorrelation is dominated by the flow structure of interest, so that the time scale is essentially the time scale of the flow structure, and the calculated frequency matches that of the spectral peak.
The coherence function is used as an indicator of the path taken by a given flow structure as it moves downstream. The problem is that three-dimensional Lagrangian tracking of given flow structures cannot be performed until a means of visualizing the structure is available; before this is done, a good idea of the nature of the structure, and its trajectory, are needed. The coherence function between two time series is defined as the ratio of the square of the cross-spectral magnitude to the product of the autospectra within each frequency band 4 . It is thus a real function of frequency, with a value between 0 and 1.0. A value of 1.0 indicates the existence of a perfect linear relationship between the two signals within that frequency band, regardless of the phase delay shift between the two signals. Thus, by following the path of maximum coherence at the peak frequency between the two tandem sensors, one should be able to track the ensemble-averaged trajectory of the flow structure of interest. In implementing this idea, some problems were encountered. First, at the wing trailing edge, there was high coherence over large areas, as seen in Fig. 5c , so that the coherence value was not a sensitive indicator. This is probably because the flow structures of interest become fairly large by the time they reach the trailing edge. To overcome this problem, the spectral peak magnitude was used as a second indicator of the path. The results are shown in Fig. 10 , where the helical nature of the trajectory of maximum coherence and intensity is visible. A second problem was that at the upstream limit of the trajectory shown in Fig. 10 , probe interference became severe, and prevented the origin from being located with greater precision. As the structure follows a helical path, it also amplifies by a very large factor, as seen before. The trajectory is fairly stable, in that a survey started at a nearby point in the trailing edge plane leads roughly along the same trajectory. The actual points of the trajectory are shown in Table 1 . 
